. Use of response surface methodology to optimise environmental stress conditions on Penicillium glabrum, a food spoilage mould. Fungal Biology, 2010, 114 (5-6) Fungi are ubiquitous micro-organisms often associated with spoilage and biodeterioration of a large 14 variety of foods and feedstuffs. Their growth may be influenced by temporary changes in intrinsic 15 or environmental factors such as temperature, water activity, pH, preservatives, atmosphere 16 composition, all of which may represent potential sources of stress. Molecular-based analyses of 17 their physiological responses to environmental conditions would help to better manage the risk of 18 alteration and potential toxicity of food products. However, before investigating molecular stress 19 responses, appropriate experimental stress conditions must be precisely defined. Penicillium 20 glabrum is a filamentous fungus widely present in the environment and frequently isolated in the 21 food processing industry as a contaminant of numerous products. Using response surface 22 methodology, the present study evaluated the influence of two environmental factors (temperature 23 and pH) on P. glabrum growth to determine "optimised" environmental stress conditions. For 24 thermal and pH shocks, a large range of conditions was applied by varying factor intensity and 25 exposure time according to a two-factorial central composite design. Temperature and exposure 26 duration varied from 30 to 50°C and from 10 min to 230 min, respectively. The effects of 27 interaction between both variables were observed on fungal growth. For pH, the duration of 28 exposure, from 10 to 230 min, had no significant effect on fungal growth. Experiments were thus 29 carried out on a range of pH from 0.15 to 12.50 for a single exposure time of 240 min. Based on 30 fungal growth results, a thermal shock of 120 min at 40°C or a pH shock of 240 min at 1.50 or 9.00 31 may therefore be useful to investigate stress responses to non-optimal conditions. 32 33
Introduction 36
Fungi are ubiquitous micro-organisms often associated with spoilage and biodeterioration of a large 37 variety of foods and feedstuffs. Various genera such as Aspergillus, Cladosporium, Alternaria or 38
Penicillium are involved in different food spoilage (Pitt & Hocking 1997) . Penicillium is one of the 39 cyclohexyl-3-aminopropanesulfonic acid) buffer for pH 9.50 from to 11.50. For marginal pH 104 conditions above pH 11.50 or below pH 2.00, buffer was not required for pH stability. The pH was 105 then adjusted with NaOH and HCl (1, 2 or 10 M). The pH of each adjusted PDB was verified. The 106 media were filtered through a 0.22 µm membrane and 50 ml was aseptically distributed into sterile 107 250 ml Erlenmeyer flasks. 108
The pH of each adjusted medium was assessed after fungal culture and variation observed in each 109 medium before inoculation was less than 0.5 pH units. These results confirmed the efficiency of the 110 various buffers used to prepare the adjusted media. 111
After incubation under thermal or pH experimental conditions, the mycelia were aseptically filtered 112 at room temperature and transferred into standard PDB medium (pH 5.00) for cultivation in optimal 113
conditions for 48 h at 25 °C, 120 rpm. Mycelia were then filtered, washed thoroughly with distilled 114
water, dried at 70 °C for 48 h and weighed with a precision balance. Mycelium growth was 115 obtained by quantifying the mycelium dry mass. 116
Other than the experimental cultures of P. glabrum for each tested environmental factor 117 (temperature, pH), two sets of control "unstressed" mycelia were also cultured under optimum 118 conditions at 25 °C. The first control, T48, was early-harvested after 48 h of culture and the dry 119 biomass obtained was used as the minimum fungal growth reached by each culture before 120 application of experimental thermal and pH conditions. A second control, T96, was harvested after 121 96 h culture and corresponded to 48 h of culture under optimum conditions in standard PDB at 25 122 °C and then aseptically filtered and transfered to standard PDB at 25°C for another 48 h. The dry 123 fungal biomass obtained for this control was considered as the fungal growth after 96 h culture in 124 optimum conditions. The growth results obtained for each temperature or pH condition were 125 expressed as the relative growth rate, in percent. This is the ratio between the fungal dry weight 126 obtained under a given experimental condition and the fungal dry weight obtained in the control 127
T96. 128

Experimental design and statistical analysis 129
The thermal and pH stress experiments were conducted according to a two-factorial central 130 composite design (Box et al. 1978) (Fig 1) . For each of the three applied stresses (thermal, acid and 131 alkali stress), the CCD (Factors/Blocks/Runs = 2/1/11) defined nine experimental conditions by 132
varying the intensity of the tested environmental factor and its duration (Table 1) 
Results
150
Effect of thermal shock on fungal growth 151
To investigate the effect of temperature on Penicillium glabrum growth, two-factorial CCD and 152 RSM were used. Temperature and exposure duration varied respectively from 30 to 50 °C and from 153 10 min to 230 min. The low, middle and high levels of both variables were determined from 154 preliminary experiments on fungal growth (unpublished data). 155 (temperature level and exposure time) and their interaction had significant effects (P < 0.05) on 157 fungal growth. A response surface was determined from the results (Fig 2) and the goodness-of-fit 158 between the predicted values and the experimental data was very high (Fig 3) , giving a coefficient 159 of determination (R 2 ) of 0.98, indicating a very good adjustment of the model with experimental 160 data. 161
Inspection of the response surface showed that increasing temperature and exposure time affect P. 162 glabrum growth in a gradual manner. 163
The adjusted surface response (Fig 2) , showed three distinct response areas delimited by the results 164 of both growth controls T96 and T48 (which was 48 % of T96). The first response area was 165 to 230 min) (data not shown). This result precluded 2D analysis and response surface modelling,since only one of the two tested variables (pH value) had a significant influence. Consequently, we 182 modified our experimental design by using a monofactorial experimental procedure on a large range 183 of pH from 0.15 to 12.50 for a single exposure time of 240 min. 184
Global inspection of the results (Fig 4) shows that P. glabrum is able to grow relatively well after 185 240 min of exposure in a very wide range of pH conditions, spanning pH 2.00 to 11.50. 186
Analysis of fungal growth clearly showed four distinct areas of response over the wide range of pH 187 conditions tested. The first area was observed for pH 2.00 to 7.00, which had a very low influence 188 on fungal growth (80-100 % of T96 growth). The less intense shock condition (30°C:120 min) did not reduce P. glabrum fungal growth, but 217
showed an unexpected increase in fungal biomass. This result suggests that when a fungal 218 contaminant such as P. glabrum is exposed to relatively weak stress conditions, its development on 219 food products may be enhanced. This observation could be practically important for food industry. In acidic conditions (pH 2.00 to 7.00), fungal growth was only slightly affected. This observation is 285 in accordance with reports that most filamentous fungi including Aspergillus spp., Fusarium spp. 286
and Penicillium spp. show high tolerance to acidic media and their optimum growth is around pH 287 5.50 -6.00 (Deacon 2006 (Lamb et al. 2001 ). An important factor for the maintenance of an 291 acidic environment is the yeast plasma membrane H + -ATPase, which actively extrudes protons and 292 imports many nutrients and cations (Serrano et al. 2002) . 293
The alkaline pH conditions (pH 8.00 to 11.50) induced a greater growth decrease area than 294 observed in acidic conditions. This effect may be explained by some cellular modifications caused 295 by alkaline pH. In S. cerevisiae for example, it has been shown that alkaline media induce 296 disruption of membrane proton gradients that normally supply energy for nutrient and ion transport 297 essential for fungal development (Lamb et al. 2001 ). Some authors also report in S. cerevisiae a 298 significant repression of genes involved in amino acid or purine biosynthesis and in carbohydrate 299 metabolism that could explain limitation of yeast growth (Serrano et al. 2002) . These authors 300 suggest that copper or iron availability and solubility can be reduced by alkaline pH, which could 301 affect some enzymatic activities. Thus, highly alkaline environments can be considered as stressing 302 conditions. 303
Given the results on fungal growth, alkaline stress conditions between pH 8.00 to 11.50 for 240 min 304 may be appropriate for further investigations on stress response as they seemed to moderately, but 305 significantly affect fungal development. On the basis of our results, the experimental point pH 306 9.00:240 min may be employed as central condition for further studies in P. glabrum. Comparable 307 alkaline pH conditions have also been used in several studies on fungi as, for example, in C. 308 glabrata to analyse its pH response by transferring cultures from pH 4.00 to pH 8.00 (Schmidt et al. 309 nidulans to investigate the role of pH transcription factors (Rim13p and PacC respectively) (Espeso 311 & Arst 2000; Li et al. 2004) . A transcriptional approach using microarrays has been employed in S. 312 cerevisiae at pH ranging from 6.00 to 7.90 (Causton et al. 2001) . 313
Finally, in extreme pH conditions (pH 0.15 to 1.00 and pH 12.00 to 12.50), a great decrease in 314 fungal biomass was induced. These drastic conditions severely affected cellular metabolism. As 315 suggested for thermal stress, the effect induced by these conditions on P. glabrum growth may be 316 also explained by fungal autolysis (McNeil et al. 1998) . 317
In summary, the present work investigated a wide range of temperature and pH conditions to 318 analyse their effect on P. glabrum growth to determine "optimised" experimental shock conditions. 319
To our knowledge, this approach has not been previously reported in other fungal stress studies, 320 which generally use a limited number of experimental conditions. The results obtained here made it 321 possible to determine experimental conditions that may be potentially appropriate for further 322 investigations on stress response. Based on our results, we propose that conditions such as 323 40°C:120 min, pH 1.50:240 min or pH 9.00:240 min, can be used to produce a physiological stress 324 response because they moderately, but significantly affect growth in P. glabrum. 325 326 327
